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Abstract—The world’s first cryogen-free hybrid magnet, which
was developed at the High Field Laboratory for Superconducting
Materials in order to realize an easy-operational magnet system
with no use of liquid helium and nitrogen, has achieved 22.7 T in
a 52 mm room temperature bore. After this success, we started
to construct a new cryogen-free 30 T-class hybrid magnet, con-
sisting of an outer wide-bore cryogen-free 11 T superconducting
magnet and an inner water-cooled 19 T resistive magnet. Up to
now, the NbTi outer section coil and the Nb3Sn inner one of a
wide-bore cryogen-free superconducting magnet has generated in-
dividual central fields of 5.3 T at 350 A and 5.8 T at 303 A, respec-
tively in a 360 mm room temperature bore. The wide-bore cryogen-
free superconducting magnet was energized up to 9.5 T as a total
background field. In hybrid magnet mode the system was operated
up to an 8.5 T background field form the cryogen-free supercon-
ducting magnet, because a cooling problem was encountered with
the innermost coil bobbin during ramping the Bitter magnet. As a
result, the cryogen-free hybrid magnet generated 27.5 T in a 32 mm
room temperature bore.
Index Terms—Cryogen-free superconducting magnet, high mag-
netic field, high strength Nb3Sn wire, hybrid magnet.
I. INTRODUCTION
SUPERCONDUCTING magnets have made great progressto generate a high magnetic field, and particularly for basic
research in high fields a hybrid magnet is required. In a high
field superconducting magnet with a wide-bore for a hybrid
magnet, a huge electromagnetic force will be produced to
the superconducting wires employed in the coil windings. A
compound superconductor used in a high field region
is known to be very sensitive to stress and strain [1]. Because a
monolithic wire embedded in a hard copper housing has
been utilized for the reinforcement, the effective current density
inevitably becomes small due to the large areal cross section
of the reinforced conductor [2]. As a result, the outer super-
conducting magnet for a hybrid magnet employing reinforced
conductors becomes large. Problems are encountered
with the cooling and operating of the coil with a heavy mass. For
instance, the 31 T hybrid magnet at the High Field Laboratory
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for Superconducting Materials, Tohoku University, consists of
an outer 12 T superconducting magnet wound with an
externally reinforced conductor, which was the first
superconducting magnet for a hybrid magnet at that time [3].
A double pancake winding coil with a small effective current
density of 35 results in a heavy coil weight of 3800 kg
and a large cold mass of 4700 kg. The precooling from room
temperature down to 5 K is made by using exclusively a liquid
helium liquefier with a liquefaction rate and a refrigeration
capacity of 35 and 100 W at 5 K, respectively. It takes
80 h for the cooldown time. After the precooling down to 5 K,
a large amount of liquid helium of about 1000 is necessary to
immerse the coil with a liquid helium storage of 130 above the
coil for the magnet operation. The liquid helium evaporation
rate of the 31 T hybrid magnet is 12.3 without excitation
and 17.6 at a constant operating field of 11 T. When AC
loss is added due to the magnetic field ramping, the evaporation
rate increases up to 20 and the operating time of the hybrid
magnet is limited to almost six hours, because of the liquid
helium supply without a liquefier system.
On the other hand, the hybrid magnet can produce a large
magnetic gradient field to levitate diamagnetic materials with
small susceptibility [4]. There are many advantages of material
synthesis under magnetic levitation conditions. The most inter-
esting process development using such a magnetic levitation is
the container-less crystal growth, which is free from contami-
nation through a container and enables us to suppress heteroge-
neous nucleation and promote supercooling and supersaturation
[5]. In addition, the extremely strong magnetic alignment effect
is also important for the in-field material development using the
hybrid magnet. However, the machine time allotted to the hybrid
magnet is not sufficient to perform the in-field material devel-
opment at a constant high field for a long experimental time.
Once this problem will be solved, great progress for the new
material processing using high fields is expected. That is why
an easy-operational hybrid magnet system is desired.
Since we succeeded in demonstrating the first practical
cryogen-free superconducting magnet combining high tem-
perature superconducting current leads with a conductively
cryocooled magnet [6], we have developed various kinds of
cryogen-free superconducting magnets. In order to make a
wide-bore superconducting magnet as compact as possible,
high strength wires with a small wire diameter are indis-
pensable for withstanding the large electromagnetic force. From
a standpoint of a new hybrid magnet, we intended to develop a
cryogen-free hybrid magnet consisting of an outer cryogen-free
superconducting magnet and an inner water-cooled resistive
1051-8223/$20.00 © 2006 IEEE
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magnet. Up to now, we constructed a cryogen-free 22.7 T
hybrid magnet. A cryogen-free 7 T superconducting magnet
with a 360 mm room temperature bore was made by use of high
strength superconducting wires, and was composed of
a 15.7 T water-cooled resistive magnet with a 52 mm room
temperature experimental bore [7].
It is surely a great merit that the liquid helium is no longer
needed for the operation of a cryogen-free 22.7 T hybrid
magnet. From this success, we started to develop a cryogenfree
30 T-class hybrid magnet for pushing forward magneto-science
in fields up to 30 T.
This paper describes the performance test of a unique
cryogen-free 30 T-class hybrid magnet [8]. An excellent oper-
ation at a constant high field and a tremendous cost merit are
reported in comparison with an ordinary hybrid magnet using
liquid helium.
II. HIGH STRENGTH WIRE DEVELOPMENT AND
CHARACTERISTICS
When a bronze route multifilamentary supercon-
ducting wire is subjected to longitudinal tensile stress due to
an electromagnetic force called as hoop stress, the supercon-
ducting properties of a stress sensitive wire reveal a
parabolic stress dependence. The stress dependence of the
critical current for an ordinal bronze processed wire
without reinforcing materials increases reversibly
with stress [9], which means that the wire lies in a
residual compressive stress state due to a thermal compression
from the heat-treatment temperature of 700 to the operating
one of 4.2 K. Usually, the critical current properties of the
wire are utilized within a compressive stress region
for magnet design from a viewpoint of safety.
Since the wire has a parabolic peak at around
100–150 MPa, the critical current degrades largely after the ten-
sile stress at the peak. Therefore, a reinforcement has to be ap-
plied for the wire to overcome the huge hoop stress
value of over 150 MPa.
There exist two ways to reinforce bronze processed
wire using external and internal reinforcement. Originally, we
had adopted external reinforcement for heat-treated and fully
reacted conductors surrounded with cold-worked hard
copper to stand the hoop stress of 180 MPa for the 31 T hy-
brid magnet using liquid helium. A problem encountered with
the coil fabrication was the small overall current density due to
a large cross section . In order to reduce coil
weight and size for the new hybrid magnet using a cryocooler,
we developed an internally reinforced wire. Up to now,
we have developed high strength wires with a small wire
diameter using internal reinforcing materials such as in-situ pro-
cessed [10], jelly-rolled processed [11],
dispersion [12], and compound [13].
Fig. 1 shows the critical current properties in the tensile
stress state for high strength wires with
reinforcement . When the stress depen-
dent critical current is compared between and
CuNbTi/ wires, one notes that the
wire exhibits splendid critical current properties at 200 MPa
which is the design value for the cryogen-free 30 T-class hybrid
Fig. 1. Stress dependence of the normalized critical current at 4.2 K and 14 T
for an ordinary Cu=Nb Sn wire without reinforcement and a high strength
CuNbTi=Nb Sn wire.
TABLE I
PARAMETERS OF HIGH STRENGTH Nb Sn WIRES
WITH CuNbTi REINFORCEMENT
magnet. On the contrary, the critical current for
without reinforcement deteriorates by more than 50%.
Wire parameters of high strength wires em-
ployed for the cryogen-free 30 T-class hybrid magnet are listed
in Table I. The wire diameter of the super-
conductor was determined so as to yield a hoop stress of less
than 250 MPa at a central field of 11 T. A inner coil
is subdivided into two sections, and the employed wire diam-
eter is 1.85 mm for the S1 section coil and 1.8 mm for the S2
section coil, respectively. The copper ratio which relates to the
thermal stability for a superconducting magnet was determined
on the basis of the coil temperature rise below 50 K, when the
superconducting magnet quenches. According to our previous
investigation of the stability of a cryogen-free superconducting
magnet, we found that the quench point of a cryogen-free super-
conducting magnet corresponds to the current sharing temper-
ature for all adiabatic magnets [14]. This means that the cryo-
genic stability in a cryogen-free superconducting magnet does
not need a large copper stabilizer ratio, but a large temperature
margin related to the current sharing event.
Fig. 2 shows the critical current properties of the
wires. The current sharing temperature
for the innermost section coil was estimated to be 7.5 K at the
maximum field of the coil windings, for a central field of 11 T.
III. CONSTRUCTION OF THE CRYOGEN-FREE 30 T-CLASS
HYBRID MAGNET
We constructed a cryogen-free 30 T-class hybrid magnet
as shown in Fig. 3. The outer cryogen-free superconducting
magnet with a coil size of 398 mm inner diameter, 752 mm
outer diameter, and 550 mm height is operated by a dual power
supply. It was designed for a maximum central field of 11 T
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Fig. 2. Critical current I and non-Cu J without copper stabilizer and
CuNbTi reinforcement for a CuNbTi=Nb Sn wire.
Fig. 3. (a) Newly developed cryogen-free 29 T hybrid magnet (29T-CHM),
and (b) schematic coil composition of the 29T-CHM.
consisting of 5. 8 T at 303 A for the inner coils (S1
and S2) and 5.3 T at 350 A for the outer NbTi coils (S3 and
Fig. 4. Load line at B = 11:3 T of the innermost CuNbTi=Nb Sn section
coil at the coil windings at a central field of 10 T.
TABLE II
HEAT LOADS OF A WIDE-BORE CRYOGEN-FREE SUPERCONDUCTING MAGNET
S4). The coils were fabricated by a wind-and-react
method. In the previous development of the first cryogen-free
hybrid magnet, we came across the critical current degradation
of the coil when a coil quench occurred [15]. In order
to guarantee a safe operation of a coil with a weak
point due to large stress, we selected a central field of 10 T as
normal operation in a 5.3 T background field from the
coil. The load line at a central field of 10 T is shown in Fig. 4.
By reducing the contributed field from the coil, the
current sharing temperature increases by 0.7 K from 7.5 K. As
a result, the hoop stress of 215 MPa at 11 T for the coil
is reduced by 60 MPa at 10 T.
From the heat load calculation as listed in Table II, we
estimated thermal inputs of 79.5 W for the first stage of the
GM-cryocooler and 4.5 W for its second stage at a ramp rate of
0.175 A/s. This results in adopting four GM-cryocoolers with a
cooling capacity of 1.5 W at 4.2 K and 35 W at 50 K each. The
detailed coil design has already been reported elsewhere [8].
Characteristic features of the cryogen-free 30 T-class hybrid
magnet are a very compact outer wide-bore cryogen-free super-
conducting magnet employing high strength wires with
a small wire diameter and a very small heat input into the coil
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Fig. 5. Inner water-cooled 19 T resistive magnet with a 32 mm room tempera-
ture experimental bore.
TABLE III
PARAMETERS OF A DOUBLE BITTER RESISTIVE MAGNET
using high temperature superconducting
bulk current leads.
The inner water-cooled resistive magnet combined with
the outer cryogen-free superconducting magnet is an in-house
double Bitter-type magnet as shown in Fig. 5, which was fabri-
cated using -24 wt.% plates. Table III lists the parameters
of the water-cooled 19 T resistive magnet for the cryogen-free
hybrid magnet. The Bitter magnet consists of a W1 section coil
with the electrical conductivity of 80% IACS and a W2 section
coil with 90% IACS. High strength alloy plates utilized
for the Bitter magnet exhibit excellent mechanical properties of
a yield stress value of 650 MPa at 80% IACS and 500 MPa at
90% IACS in a plate size of and 0.6–0.8
in thick. This Bitter magnet has already been established and
generates 19 T in a 32 mm experimental room temperature bore
with a power consumption of 7.2 MW [16].
IV. PERFORMANCE OF THE CRYOGEN-FREE
30 T-CLASS HYBRID MAGNET
The outer wide-bore cryogen-free superconducting magnet
was cooled down to 3.0 K, after an initial cooling time of 210 h
from room temperature. Fig. 6 shows the initial cooling char-
acteristics for the coil and thermal shields. The magnet with a
cold mass of 3200 kg was cooled down within a coil temper-
ature gradient of 50 K using four GM-cryocoolers. Once the
initial cooldown is finished, the wide-bore cryogen-free super-
conducting magnet can be maintained at around 20 K with only
Fig. 6. Cooldown characteristics of the outer wide-bore cryogen-free super-
conducting magnet.
Fig. 7. Excitation test of the CSM mode and the CHM (CSM+WM) mode.
using one GM-cryocooler in the case of the magnet without
operation.
Before the full performance test of the wide-bore cryogen-
free 11 T superconducting magnet, an individual test for the
outer coil (S3 S4) and the inner coil (S1 S2)
was carried out. The and coils were confirmed to
generate individual central fields of 5.3 T at 350 A and 5.8 T
at 303 A in a 360 mm room temperature bore, respectively.
The wide-bore cryogen-free superconducting magnet was en-
ergized up to 9.5 T as a total background field, consisting of the
5.2 T coil and the 4.3 T coil. From above initial
confirmation, a hybrid magnet mode was firstly intended in an
8.5 T background field composed of 5 T from the coil and
3.5 T from the coil. After that, the water-cooled resis-
tive magnet was energized during 20 minutes at a current ramp
rate of 20 A/s up to 23 kA. As a result, the cryogen-free hybrid
magnet generated a static high field of 27.5 T in a 32 mm room
temperature bore with 19 T from the Bitter magnet. Fig. 7 shows
the coil temperature of the outer cryogen-free superconducting
magnet during ramping the Bitter magnet. After the successful
generation of 27.5 T, we aimed to further increase the fields to
28.0 T in a 9.0 T background field from the cryogen-free su-
perconducting magnet. However, we were confronted with an
unexpected temperature rise of the innermost coil bobbin in the
cryogen-free superconducting magnet, when the water-cooled
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Fig. 8. Measured magnetic fields and the magnetic force field for the CSM,
WM and CHM magnets.
resistive magnet was energized in the 20 minutes mode. Al-
though the monitored coil flange temperature was as low as 4.2
K, the innermost coil bobbin temperature reached 7.8 K during
ramping the Bitter magnet at 20A/s. This temperature rise means
that the conduction cooling of the innermost coil bobbin is not
sufficient, and the AC loss heat generation of the cryogen-free
superconducting magnet due to the field sweep of the Bitter
magnet cannot be cooled sufficiently. Since the 10 T generation
by the outer wide-bore cryogen-free superconducting magnet
has to be guaranteed as normal magnet operation, the cooling
improvement of the innermost coil bobbin will be carried out
soon.
The strong magnetic force field using the hybrid magnet has
demonstrated the magnetic levitation of diamagnetic materials.
Fig. 8 shows the magnetic force field distribution on z-axis,
when the cryogen-free hybrid magnet generated 27.5 T in the
center of a 32 mm experimental bore. Since the newly developed
cryogen-free hybrid magnet can provide a large magnetic force
field BdB/dz of 4500 at 27.5 T to levitate diamagnetic
semiconductors with small susceptibility, the magnetic levita-
tion of InSb was demonstrated as a new process for materials de-
velopment. A container-less melting experiment is surely suit-
able for a long term period at a constant high field using the
cryogen-free hybrid magnet.
Furthermore, when we focus on the cost merit for the
cryogen-free hybrid magnet, the cryogen-free 30 T-class hy-
brid magnet splendidly exhibits a great advantage for magnet
operation. Table IV lists the comparison of the operating cost
between the traditional 31 T hybrid magnet using liquid helium
and the cryogen-free 30 T-class hybrid magnet. If we consider
the magnet operation for 2 weeks a month, the ordinary 31 T
hybrid magnet needs about 9000 of liquid helium and 35 000
of liquid nitrogen. Since the liquid helium evaporation changes
largely during the magnet in hybrid magnet operation, it is prac-
tically difficult to run the magnet in a liquefier loop to reduce
the cost of liquid helium. When we estimate the operation cost
including the related necessities for the traditional 31 T-HM,
the cryogen-free hybrid magnet 30T –CHM is operated at a
chap cost of about 5% in comparison with the 31T-HM using
liquid helium. For 30 T-CHM, the electricity cost was estimated
for 30 days including the initial cooldown time.
TABLE IV
COMPARISON OF THE OPERATING COST CONCERNED WITH THE COOLING
OF THE SUPERCONDUCTING MAGNET FOR 2 WEEKS A MONTH
BETWEEN 31T-HM AND 30T CHM (¥ : JPN YEN)
In addition, the cryogen-free hybrid magnet can offer ex-
tremely enlarged machine time without liquid helium supply,
and eliminates the troublesome need for manpower. However,
we should also state the disadvantage of a cryogen-free hy-
brid magnet. Namely, the cryogen-free hybrid magnet requires
a long precooling time and a slow ramping rate for magnet
operation.
V. CONCLUSION
A cryogen-free 27.5 T hybrid magnet, consisting of an outer
wide-bore cryogen-free 10 T superconducting magnet and an
inner water-cooled 19 T resistive magnet has been constructed
at the High Field Laboratory for Superconducting Materials,
Institute for Materials Research, Tohoku University. After the
wide-bore cryogen-free superconducting magnet was energized
up to 9.5 T in a 360 mm room temperature bore, a hybrid mode
operation was carried out in an 8.5 T background field. The
cryogen-free hybrid magnet succeeded in generating a static
high field of 27.5 T in a 32 mm room temperature experimental
bore, and will be upgraded to a 29 T generation by improving the
conduction cooling for the innermost coil bobbin. The cryogen-
free hybrid magnet reliably offers long machine time at a cost of
only 5% in comparison with the ordinary hybrid magnet using
liquid helium, and eliminates the troublesome need for man-
power at the High Field Laboratory for Superconducting Ma-
terials.
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